Peptide:N-glycanase (PNGase) cleaves oligosaccharide chains from glycopeptides and glycoproteins. Recently the deduced amino acid sequence of a cytoplasmic PNGase has been identified in various eukaryotes ranging from yeast to mammals, suggesting that deglycosylation may play a central role in some catabolic process. Several lines of evidence indicate that the cytoplasmic enzyme is involved in the quality control system for newly synthesized glycoproteins. Two-hybrid library screening by using mouse PNGase as the target yielded several PNGase-interacting proteins that previously had been implicated in proteasome-dependent protein degradation: mHR23B, ubiquitin, a regulatory subunit of the 19S proteasome, as well as a protein containing an ubiquitin regulatory motif (UBX) and an ubiquitin-associated motif (UBA). These findings by using the twohybrid system were further confirmed either by in vitro binding assays or size fractionation assays. These results suggest that PNGase may be required for efficient proteasome-mediated degradation of misfolded glycoproteins in mammalian cells.
I
n eukaryotes, the endoplasmic reticulum-associated degradation (ERAD) process functions to proteolyze unfolded proteins by using the ubiquitin-proteasome machinery (1) (2) (3) (4) (5) (6) . In mammalian cells, de-N-glycosylated intermediates in the overall degradation process have been detected in the presence of proteasome inhibitors (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The formation of de-N-glycosylated intermediates is catalyzed by peptide:N-glycanase (PNGase), a deglycosylation activity demonstrated in mammalian cells (18, 19) , hen oviduct (20) , and in the budding yeast Saccharomyces cerevisiae (21) . Recently, the gene encoding for the soluble PNGase (PNG1) implicated in the proteasomal degradation has been identified and characterized in S. cerevisiae (22) . A comparison of the sequence of yeast Png1p (yPng1p) with available EST clones revealed that PNGase is highly conserved among various eukaryotes including plant, worms, insects, and mammals, suggesting that it is functionally important (22) . Very recently, we have identified yeast Rad23p as a Png1p-interacting protein and showed that Rad23p serves to link Png1p to the proteasome (23) . However, except for a decrease in the rate of degradation of a misfolded yeast secretory protein (22) , no phenotype has been detected in the png1-null strain. Given this finding, we have concentrated our recent efforts on higher eukaryotes, particularly mouse Png1p (mPng1p), with the goal being to elucidate the function of Png1p. mPng1p exhibits several structural features that differentiate it from yPng1p. First, mPng1p has extended domains at its N and C termini that result in the mPng1p having a mass almost two times greater than that of yPng1p. Second, the N-terminal domain of mPng1p is conserved among many eukaryotic species, implying its importance for some unknown function (T.S., H.P., and W.J.L., unpublished data). Therefore, it was of special interest to understand the difference between mammalian PNGase and yeast PNGase. To study which protein(s) can associate with PNGase in mammalian organisms, we carried out two-hybrid library screening by using mPng1p as the target, and, in sharp contrast to yPng1p, a number of proteins were identified to interact specifically with mPng1p. These mPng1p-interacting proteins included ubiquitin, one of the 19S proteasome regulatory subunits, the mouse homolog of yeast Rad23p, as well as an uncharacterized protein containing an ubiquitin regulatory motif (UBX) and an ubiquitin-associated motif (UBA). These associations were confirmed by biochemical methods. These findings suggest that there is a close relationship between PNGase and the 26S proteasome machinery.
Materials and Methods
Construction of Plasmids Used for the Two-Hybrid Screening. By using EST clone 948982, which contains the full-length ORF for mPng1p, as a template, PCR reactions were performed to generate various fragments (amino acid 1-171, amino acid 1-471, amino acid 1-651, amino acid 171-471, amino acid 171-651, and amino acid 471-651) having a 5Ј-SmaI site and a 3Ј-SalI site. PCR products were purified by using Quiaquick PCR purification kit (Qiagen, Chatsworth, CA). Purified PCR products were digested with SmaI and SalI and subcloned into pBTM116-ADE2 at the same sites to generate pLexA-mPng1N terminus, pLexA-mPng1⌬C, pLexA-mPng1, pLexA-mPng1 M (middle domain), pLexA-mPng1⌬N, and pLexA-mPng1C terminus.
Construction of Plasmids Used for the Escherichia coli Expression.
The same PCR products used for the two-hybrid vectors were subcloned into pET-28a to generate following plasmids: pETmPng1N terminus, pET-mPng1⌬C, pET-mPng1, pET-mPng1 M, pET-mPng1⌬N, and mPng1C terminus.
Yeast Strains͞Two-Hybrid System. The two-hybrid experiments were carried out as previously described (24) . Strain L4O (MATa leu2 his3 trp1 ade2 URA3::lexAop-lacZ LYS2::lexAop-HIS3) was transformed with pLexA-mPng1 (target plasmid; see below) and a two-hybrid cDNA library (mouse testis pACT library, CLON-TECH). After screening 3 ϫ 10 6 transformants per screen, candidates showing reproducible ␤-galactosidase ϩ and His ϩ phenotype in a mPNG1-specific manner were further pursued. After curing pBTM116-ADE2-mPng1 from candidate transformants (L4O), these GAD-cDNA library-harboring yeast were mated with AMR70 strains (MAT␣ leu2 his3 trp1 ade2 URA3::lexAop-lacZ) transformed with each of several lexA plasmids, including the original target lexA-mPNG1 plasmid. For the candidates that lacked interaction with lexA-lamin or lexA-SIR4c, but had interaction with original lexA-PNG1, the GAD-cDNAs were isolated and sequenced.
PNGase Assay. PNGase activity assay was performed by using a fetuin-derived asialoglycopeptide I ([ 14 C]CH 3 ) 2 LeuAsn(GlcNAc 5 Man 3 Gal 3 )-Asp-Ser-Arg) as substrate as previously described (20, 21) . Radioactivity was monitored on a PhosphorImager (Molecular Dynamics) and quantitated by using IMAGEQUANT (ver. 1.2, Molecular Dynamics).
Production of Anti-mPng1p Antibody. pET-mPng1N terminus was used to generate the N-terminal domain (amino acid residues 1-171) of mPng1p. The plasmid was transformed in E. coli BL21(DE3), and the protein was expressed. The overexpressed, prepared N-terminal domain of mPng1p then was sliced from a gel after 8% SDS͞PAGE and injected into New Zealand white rabbits to generate polyclonal antibody (Pocono Rabbit Farm, Canadensis, PA).
Western Blot Analysis and Antibodies. Western Blot analysis was carried out by using a 1:1,000 dilution of rabbit anti-mPng1p antibody, a 1:1,000 dilution of anti-hRpt2p (S4) antibody (Affiniti, Nottingham, U.K.), or a 1:4,000 dilution of anti-green fluorescent protein (GFP) antibody (JL-8; CLONTECH). For the secondary antibody, anti-rabbit IgG horseradish peroxidaseconjugated (Roche) (for anti-mPng1p antibody and anti-hRpt2p antibody), or anti-rabbit IgG horse radish peroxidaseconjugated (Roche) (for anti-GFP antibody) was used at 1:2,000. Analysis was performed on 9% SDS͞PAGE gels and subsequently visualized by using chemiluminescence (Kirkegaard & Perry Laboratories) on x-ray film (Fuji).
Construction of mPng1-GFP Fusion Plasmid. To construct a mPng1-GFP fusion plasmid for expression in mammalian cell culture, the full-length mPng1p sequence was amplified by using PCR to introduce a 5Ј-EcoRI site and a 3Ј-SalI site. After digestion and purification, full-length mPNG1 was subcloned into a pEGFP-C1 plasmid (CLONTECH) to generate a C-terminal GFP fusion (pmPng1-GFP).
Mammalian Cell Culture͞Transfection͞Fluorescent Microscopy. COS-1 and NIH 3T3 cell lines were cultured in DMEM supplemented with 10% FBS, 10 mM L-glutamine, and 100 g each of penicillin and streptomycin͞ml, all from GIBCO͞BRL. Transfection of plasmid DNAs was performed by using FuGENE 6 (Roche) according to the manufacturer's protocol. After transfection, cells were washed with cold PBS and analyzed by using a fluorescent microscope to visualize GFP-fusion proteins.
In Vitro Binding Assay. In vitro binding assay were done as previously described (25) . A GST-mHR23B fusion plasmid was constructed to have the C-terminal 173 aa of mHR23B fused to glutathione S-transferase (GST). GST-fusion plasmids were transformed into DH5␣ cells, and the pET-mPNG1 plasmid was transformed into BL21(DE3) cells. GST-fusion protein expressions were induced by 0.1 mM isopropyl ␤-D-thiogalactoside whereas the pET vector-driven protein expression was induced by addition of 1 mM isopropyl ␤-D-thiogalactoside. After induction at 37°C for 3 h with shaking, cells were harvested and lysed by sonication. The lysates were spun for 1 min in a microfuge, and the supernatants containing soluble mPng1p or GST-mHR23 were collected for further experiments. The recombinant mPng1p-containing extract was added to glutathione agarose beads containing GST or GST-mHR23B protein bound to them. After overnight incubation at 4°C, the beads were pelleted and washed three times with PBS. The final pellet in SDS sample buffer was boiled for 5 min. The beads were spun down and the supernatant electrophoresed on SDS͞PAGE. The gel was subjected to Western blotting by using an anti-mPng1p antibody.
Gel Filtration. Gel filtration was performed as previously described with slight modifications (23) . Mammalian cell lysates were prepared in a lysis buffer in the presence of 1 mM PMSF and a protease mixture (final concentration: 1 g/ml leupeptin͞2 g/ml antipain͞10 g/ml benzamide͞1 g/ml chymostatin͞1 g/ml pepstatin). The cytosolic fraction (0.5 ml) was loaded on a Sephacryl S-300 or Sephacryl S-400 column (Amersham Pharmacia; 1.5 ϫ 50 cm) equilibrated with elution buffer (20 mM Hepes, pH 6.8͞5 mM magnesium acetate͞1 mM DTT͞2 mM ATP͞150 mM NaCl,͞0.4 M sorbitol with protease inhibitors), and fractions of 0.9 ml were collected. Fractions were assayed for proteasome activity, and 0.8 ml of each fraction was precipitated with trichloroacetic acid (10%) and analyzed by SDS͞PAGE and Western blotting.
Proteasome Activity Assay. The peptidase activity of mammalian cell lysates toward the fluorogenic peptide, suc-LLVY-MCA (Sigma), was measured by incubation in 50 mM Tris⅐HCl (pH 7.8), 20 mM KCl, 5 mM MgOAc, and 0.5 mM DTT with 200 M suc-LLVY-MCA for 1 h at 37°C. The reaction was stopped by addition of an equal volume of 10% SDS and 20 vol. of TE buffer (10 mM Tris͞1 mM EDTA, pH 8.0). The fluorescence was determined at 380 nm excitation͞440 nm emission, by using a LS-3B fluorescence spectrometer (Perkin-Elmer).
Results

Mouse PNGase Contains 651-aa Residues, and the Central Domain Has
Strong Homology to yPng1p. Sequence comparison of mPng1p with yPng1p revealed that the central domain of mPng1p was homologous to yPng1p (53% similarity, 39% identity) ( Fig. 1) and that mPng1p contained extended N-and C-terminal domains that were absent in yPng1p. Within the conserved domains in both mouse and yPng1 proteins, a transglutaminase-like domain was found (see below). Northern blot analysis to measure the level of mRNA expression in various mouse tissues showed that mPng1p was ubiquitously expressed, with the highest level being found in testis (data not shown). Western blot analysis by using anti-mPng1p antibody detected a single protein band at 65 kDa from several mouse tissues ( Fig. 2A) . To document the specificity of the antibody toward mammalian Png1p, COS-1 cells were transfected with a mPng1-GFP fusion plasmid. Western blot results showed that anti-mPng1p antibody recognized both the endogenous mammalian Png1p and the transfected mPng1p-GFP fusion protein (Fig.  2B) . Similar results were obtained by using NIH 3T3 cells transfected with a mPng1-GFP fusion plasmid (data not shown).
In Vitro Assays Show that E. coli-Expressed mPng1p Has PNGase
Activity. In vitro PNGase assays were performed to determine whether recombinant mPng1p had enzyme activity. E. coli BL21(DE3) lysates expressing mPng1⌬C (amino acid 1-471) or full-length mPng1p showed PNGase activity, whereas mPng1pN terminus, mPng1p⌬N, and mPng1 pM showed no detectable activity, indicating the N-terminal domain and the middle domain of mPng1p are important for the observed PNGase activity (Fig. 3) . Enzyme assays with an S. cerevisiae ⌬png1 strain expressing various mPng1p constructs confirmed the results obtained by using E. coli recombinant mPng1p (data not shown).
Localization Study of mPng1-GFP Fusion Protein in Mammalian Cells
Indicates Most of the PNGase Is Present in the Cytoplasm. mPng1-GFP fusion plasmids were transfected into COS-1 cells to determine the localization of mPng1p. In the case of yeast, Png1p was found in the cytosol, as well as in the nucleus (23) . In COS-1 cells, transfected mPng1p-GFP was found predominately in the cytosol, with a very low level associated with the nucleus. The mPng1p-GFP detected in the cytosol seemed to be concentrated around the nuclear envelope (Fig. 4) .
Two-Hybrid Library Screening Revealed That Many Proteins Interact
with mPng1p. Previously, Rad23p was identified in yeast as a Png1p-interacting protein and found to provide a link to the 26S proteasome (23) . Because mPng1p has extended N-and Cterminal domains, we searched for any other proteins interacted with the mammalian Png1p. Two-hybrid library screening by using mPng1p as a target was performed by using a mouse cDNA library prepared from testis (CLONTECH). All of the candidates (total of 15; six of them are listed in Table 1 ) were identified based on the fact that they showed interaction with mPng1p but not with other unrelated proteins, i.e., lamin, Sir4p, and Top1p (data not shown), which were used to eliminate so called ''false positives'' (see ref. 24 ).
The Mouse Homolog of Rad23p and S4, a 19S Proteasome Subunit,
Interacts with mPng1p. Several of the mouse protein candidates detected in the two-hybrid screening were found to be mHR23B, a homolog of yeast Rad23p. In vitro binding assays were performed to directly test whether mPng1p interacts with mHR23B. In the experiment shown in Fig. 5 , GST-mHR23B bound to glutathione agarose beads was shown to bind specifically mPng1p, establishing that a direct physical interaction between these two proteins occurs.
As shown in Table 1 , S4, a subunit of the 19S proteasome, also was found to specifically interact with mPng1p in the two-hybrid library screening. To demonstrate an S4-mPng1p interaction in vivo, gel filtration was performed on various mammalian cell lysates. COS-1 cells were lysed in a lysis buffer containing ATP, Mg 2ϩ , and 3 . PNGase assay on various mPng1p fragments expressed in E. coli demonstrates that the N-terminal domain and the middle domain of mPng1p are necessary for the enzyme activity. E. coli BL21(DE3) lysates expressing various fragment were tested for PNGase enzyme activity. Each reaction was subjected to a paper chromatography as described (21) . A, The starting substrate ([ 14 C]-Leu-Asn(GlcNac5Man3Gal3)-Asn-Ser-Arg); B, the de-Nglycosylated product ([ 14 C]-Leu-Asp-Asn-Ser-Arg).
Fig. 4. Localization of mPng1-GFP in COS-1 cells. COS-1 cells transfected with
pEGFP and pmPng1-GFP were subjected to a fluorescent microscope to detect expression of GFP proteins. Left, The expression of control GFP protein (GFP localized mostly at nucleus). Right, The expression pattern of mPng1-GFP. mPng1-GFP appeared to localize mostly at the cytoplasm, around the nuclear envelope.
DTT to maintain integrity of the 26S proteasome and mammalian Png1p. When the lysate was fractionated on a Sephacryl 400 column most of the mPng1p was co-eluted in the same fractions that contained proteasome activity (Fig. 6A) . As expected, the mammalian Png1p-rich fractions were found to contain S4 by Western blot by using anti-S4 antibody (Fig. 6A) . Similar results were obtained when a Sepharcyl 300 column was used (data not shown). When the gel filtration was carried out in the absence of ATP, mPng1p was found only in fractions of lower molecular weight (Fig.  6B) , indicating that the binding of mPng1p to the proteasome is ATP-dependent.
Discussion
A Comparison of yPng1p and mPng1p. Previously, the existence of mPng1p was identified by a homology search of a mouse EST database by using yPng1p sequence as the template. A candidate mouse EST clone was sequenced and named mPNG1 (22) . In this study, we first tested whether mPng1p has PNGase enzyme activity. Enzyme assay of the bacterially expressed mPng1p revealed that mPng1p, like yPng1p, has PNGase activity in vitro. Therefore, both yPng1p and mPng1p possess PNGase activity in vitro and contain a highly conserved central domain. The conserved regions of yPng1p and mPng1p were found to contain a transglutaminase-like motif ( Fig. 1; ref. 26 ), which in yeast has been hypothesized to be essential for the catalytic activity of Png1p. It is interesting to note, however, that the mass of mPng1p is approximately twice that of yPng1p because of the presence of a 171-aa residue extension at the N terminus and a 181-aa extension at the C terminus (Fig. 1) . Because mPng1p and yPng1p have marked structural differences, we searched for differences in terms of protein-protein interactions. From an extensive two-hybrid screening by using yPng1p as a target, we had previously identified yeast Rad23p, a protein which is involved in nucleotide excision repair and also known to be associated with the proteasome (27) , as a yPng1p-interacting protein (23) . So far, Rad23p is the only protein that we have detected to interact specifically with yPng1p. mPng1p, however, was found to interact with various proteins (Table 1) . In most cases, these interactions required the N-terminal domain as well as the conserved middle domain, but not the C-terminal domain of mPng1p, suggesting the importance of the N-terminal domain of mPng1p for protein-protein interaction.
mPng1p Interacts with mHR23B. It has been previously shown that S5a, one of the regulatory subunits of the 19S proteasome, interacts with hHR23B and hHR23A, two human homologs of Rad23p (27) , providing the first evidence that the proteasome interacts with Rad23p homologs in mammalian cells. Consistent with the earlier observation that yPng1p interacts with Rad23p and this interaction provides a link to the 26S proteasome (23), we found that several fragments of a mouse homolog of Rad23p (mHR23B), interacted with mPng1p via a two-hybrid library screening. As shown in Table 1 , one of the mHR23B candidates lacking the N-terminal domain, but containing the C-terminal domain, still interacted with mPng1p. In vitro binding assays confirmed that mHR23B-mPng1p interaction occurs directly (Fig. 5 ) and suggested that mHR23B can also provide a physical link to the 26S proteasome like yeast Rad23p.
mPng1p Interacts with S4. S4, one of the 19S regulatory ATPase subunits, also was identified as mPng1p-interacting protein in the two-hybrid screen (Table 1) . This interaction required full-length mPng1p or mPng1p ⌬C, suggesting that the N-terminal domain of A hypothetical protein containing 1 UBA and 1 UBX motif Similar to ubiquitin isopeptidase T (Ϸ35% identity) in terms of UBA and UBX motif organization mPng1p-interacting domain includes the UBX motif Insert starts at the 52nd amino acid Mouse autocrine motility factor receptor (AMFR) (643-aa ORF; NP035917)
A multi-transmembrane protein (cytosolic C-terminal domain) Involved in the metastasis C-terminal domain of AMFR has RING finger motif and CUE motif Insert starts from 371st amino acid Mouse importin ␣2 (529-aa ORF; NP034785.1)
Functions as NLS receptor C-terminal 116 aa are sufficient to interact with mPng1p Fig. 5 . In vitro binding assay for mPng1p-GST-mHR23B interaction. E. coli DH5␣ cells expressing GST or GST-mHR23B (amino acid 244 -416) were lysed and subjected to glutathione-agarose binding. E. coli BL21(DE3) cell lysates expressing full-length mPng1p was used for in vitro binding. Lane 1, GST ϩ mPng1p; lanes 2 and 3, GST-mHR23B ϩ mPng1p, and lane 4, mPng1p only (input). For lanes 1-3, glutathione agarose-bound GST or GST-mHR23B was incubated with BL21(DE3) lysates expressing mPng1p and beads were washed and subjected to SDS͞PAGE. For lane 4, BL21(DE3) lysates expressing mPng1p was used.
mPng1p is required for the interaction (the middle domain alone cannot interact with S4) (data not shown). Gel filtration analyses established that fractions showing proteasome activity co-eluted with the fractions containing mPng1p fractions when a Sephacryl 400 column was used. This was further confirmed by Western blot analysis by using an anti-S4 antibody. Strikingly, this proteasomemPng1p interaction was found to require ATP (see Fig. 6 ). Overall, these results differ from those obtained in yeast where it was found that only a small fraction of yPng1p co-migrated with the proteasome activity (23) . Also, mPng1p-GFP expressed in COS-1 cells showed a greater localization around the nuclear periphery (Fig. 5) than that earlier observed in yeast (22) . It remains to be determined by in vitro experiment whether S4 and mPng1p can directly interact with each other without mHR23B. However, because it is clear that the 19S proteasome subunit S4 interacts with mPng1p in the two-hybrid assay, it is likely that a link between the deglycosylating event and the process of unwinding protein substrates for proteasome-mediated degradation exists. Rpt2p, the S4 homolog in yeast, has been found to mediate axial channel opening (gating) of the proteasome via its ATPase domain (28) . It will be of interest to determine the in vivo role of mPng1p in proteasome-mediated degradation of (glyco)proteins. In this context it is interesting that it has been found that a Caenorhabditis elegans strain mutated in Png1p has been identified in a screen for mutations that affect axon development and branching by an unknown mechanism (A. Colavita and M. Tessier-Lavigne, personal communication).
Other Proteins That Interact with mPng1p. The two-hybrid analysis (Table 1) revealed that ubiquitin and proteins containing other ubiquitin-related motifs (e.g., UBX or UBA) also interact with mPng1p and, in case of ubiquitin, only the N-terminal domain of mPng1p was responsible for the interaction. A previously uncharacterized protein containing both UBA and UBX domains also was isolated from two-hybrid screening ( Table 1 ). The mouse homolog of human Y33K protein, which has been reported as a hypothetical protein, has an N-terminal UBA (ubiquitin associated) and a C-terminal UBX motif. The UBA domain was originally identified as a motif present in multiple enzymes in the ubiquitin pathway in organisms ranging from yeast to human (29) and was found to be essential for interaction of ubiquitin with yeast Rad23p and Ddi1p (30) . The UBX domain is an 80-aa sequence and its threedimensional structure suggests that it has distant homology with ubiquitin and may be involved in ubiquitin-related processes (31) . Interestingly, the presence of an N-terminal UBA and a C-terminal UBX domain in the same protein is evolutionary conserved. This domain pattern also is found in ubiquitin hydrolases, ubiquitin conjugating enzymes, and ubiquitin ligases (31) , which strongly suggests that the UBX domain is involved in the ubiquitination processes. This finding also suggested a possible connection between mammalian PNGase and ubiquitin-related metabolism. The cytoplasmic tail of autocrine motility factor receptor (AMFR) also was identified as a mPng1p-interacting molecule (Table 1) . AMFR is a seven transmembrane protein that has been implicated in various cancers and the full-length cDNAs for human and mouse were recently cloned (32) . The mPng1p-interacting cytoplasmic domain of AMFR contains two unique domains: a CUE motif and a RING finger motif (33) . The CUE motif was originally identified in yeast Cue1p, which recruits an ubituitin-conjugating enzyme to the endoplasmic reticulum (ER) membrane and is found to be one of a large family of putative scaffolding domain-containing proteins. Interestingly, the structural arrangement of AMFR (RING finger motif and five transmembrane domains) was found to be identical with the architecture of yeast Der3p͞Hrd1p, whose RING finger motif has been found to be essential for endoplasmic reticulum associated degradation (ERAD) (34) . It is also interesting to note that Der3p͞Hrd1p was recently identified as an ER membrane-anchored ubiquitin ligase (34) (35) (36) . Another candidate that was found to interact with mPng1p in the two-hybrid screen was the ␣ subunit of importin. Yeast importin ␣, Srp1p, has been recently shown to have two distinct functions: nuclear localization signal motif binding in nuclear import and in regulation of protein degradation via the ubiquitin-proteasome pathway (37) . Because in our study mPng1-GFP was found predominantly in the cytoplasm (Fig. 4) , the interaction of importin ␣ and mPng1p may regulate proteasome-dependent protein degradation.
The current study, by using mPng1p as bait in a two-hybrid library screening, identified number of proteins likely to be in the ubiquitin-proteasome pathway. This result is a sharp contrast to the results from the earlier yPng1p two-hybrid library screening study (23) , which indicated Rad23p as the sole Png1p-interacting protein.
This result is consistent with the finding that only mHR23B was detected when the middle domain of mPng1p, which exhibits high homology to yPng1p, was used as a target for the two-hybrid screening. All of the other candidates were found to require the N-terminal domain for interaction. Thus it seems clear that the N-terminal domain is required not only for PNGase enzymatic activity, but also for an interaction with the other proteins identified from two-hybrid screening. We have found that the N-terminal domain of mPng1p has a unique conserved motif, putatively named as PUB domain (Peptide:N-glycanase͞UBA or UBX domain), which is found in several Arabidopsis thaliana genes implicated in the ubiquitin-proteasome pathway (T.S., H.P., and W.J.L., unpublished data). Although, in yeast, Rad23p provides a link between Png1p and the proteasome, the relative amount of Png1p associated with the proteasome is minor. However, in mammalian cell lysates, mammalian Png1p interacts more extensively with the proteasome, probably via an ATP-dependent interaction with S4, a 19S proteasome subunit. Perhaps, as outlined in Fig. 7 , mammalian Png1p recruits these ubiquitin pathway-related proteins to efficiently degrade unfolded proteins and glycoproteins exported out of the ER and regulates the ubiqutin-proteasome machinery. For example, mPng1p interacts with ubiquitin, a 19S proteasome subunit, Rad23p homolog, Y33K protein (which has an UBA and an UBX domain), and a putative ubiquitin ligase (AMFR). Thus, PNGase may provide a platform to recruit these ubiquitin-proteasome pathway proteins as well as proteins interacting with them and link this protein complex to the 26S proteasome to efficiently degrade unfolded glycoproteins. Although many details are yet to be clarified, this study has provided evidence for a tightly knitted relationship between PNGase and the proteasome pathway, and it will be of great interest to determine how mutation of this enzyme affects growth and development.
